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Dark energy science has evolved 
significantly since its discovery 

Richer, complementary 
constraints of  geometry & 
expansion on cosmic scales 

Dark Energy or modified gravity?!
Samushia++2012"

ΔG/G=µs as 

(Not all analyses make the same assumptions or use the same 
priors so direct comparison is slightly tricky.)  

Samushia et al 
2012 Additional insights 

from LSS linear 
growth rate 

Rostomian and Ross,  BOSS/LBL 2012 
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“Post-parameterized” formalism 
bridges theory and data 
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Category Theory References

Horndeski Theories

Scalar-Tensor theory
[21, 22]

(incl. Brans-Dicke)

f(R) gravity [23, 24]

f(G) theories [25–27]

Covariant Galileons [28–30]

The Fab Four [31–34]

K-inflation and K-essence [35, 36]

Generalized G-inflation [37, 38]

Kinetic Gravity Braiding [39, 40]

Quintessence (incl.
[41–44]

universally coupled models)

Effective dark fluid [45]

Lorentz-Violating theories
Einstein-Aether theory [46–49]

Hor̆ava-Lifschitz theory [50, 51]

> 2 new degrees of freedom
DGP (4D effective theory) [52, 53]

EBI gravity [54–58]

TeVeS [59–61]

TABLE I: A non-exhaustive list of theories that are suitable for PPF parameterization. We will not treat all of these explicitly
in the present paper. G = R2 − 4RµνR

µν +RµνρσR
µνρσ is the Gauss-Bonnet term.

derlying our formalism are stated in Table II. PPN and
PPF are highly complementary in their coverage of dif-
ferent accessible gravitational regimes. PPN is restricted
to weak-field regimes on scales sufficiently small that lin-
ear perturbation theory about the Minkowski metric is
an accurate description of the spacetime. Unlike PPN,
PPF is valid for arbitrary background metrics (such as
the FRW metric) provided that perturbations to the cur-
vature scalar remain small. PPF also assumes the valid-
ity of linear perturbation theory, so it is applicable to
large length-scales on which matter perturbations have
not yet crossed the nonlinear threshold (indicated by
δM (knl) ∼ 1); note that this boundary evolves with red-
shift.
Perturbative expansions like PPN and PPF cannot

be used in the nonlinear, strong-field regime inhabited
by compact objects. However, this regime can still
be subjected to parameterized tests of gravity via elec-
tromagnetic observations [62, 63] and the Parameter-
ized Post-Einsteinian framework (PPE) for gravitational
waveforms [64, 65]. Note that despite the similarity in
nomenclature, PPE is somewhat different to PPN and
PPF, being a parameterization of observables rather than
theories themselves.
The purpose of this paper is to present the formalism

that will be used for our future results [66] and demon-
strate its use through a number of worked examples. We
would like to politely suggest three strategies for guiding
busy readers to the most relevant sections:

i) The casually-interested reader is recommended to as-
similate the basic concepts and structure of the pa-
rameterization from §II A and §II E, and glance at
Table I to see some example theories covered by this

formalism.

ii) A reader with a particular interest in one of the ex-
ample theories listed in Table I may wish to addition-
ally read §II B-IID to understand how the mapping
into the PPF format is performed, and the most rel-
evant example(s) of §III.

iii) A reader concerned with the concept of parameter-
ized modified gravity in and of itself may also find
§II F and §IV useful for explaining how the approach
presented here can be concretely implemented (for
example, in numerical codes). §IV also discusses the
connection of PPF to other parameterizations in the
present literature.

Our conclusions are summarized in §V.
We will use the notation κ = M−2

P = 8πG and set
c = 1 unless stated otherwise. Our convention for the
metric signature is (−,+,+,+). Dots will be used to in-
dicate differentiation with respect to conformal time and
hatted variables indicate gauge-invariant combinations,
which are formed by adding appropriate metric fluctua-
tions to a perturbed quantity (see §II D). Note that this
means χ̂ ̸= χ.

II. THE PPF FORMALISM

A. Basic Principles

As stated in the introduction, the PPF framework sys-
tematically accounts for allowable extensions to the Ein-

Baker et al 2012 
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Vital to test of  gravity & matter in 
environments beyond stellar systems 

Image Credit: Dimitrios Psaltis 
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for both the LSST DESC and MS-DESI. Modifications to GR include the presence of extra degrees of
freedom (e.g. Carroll et al. (2004)), massive gravitons (e.g. Hinterbichler (2012)), gravity pervading extra
dimensions (e.g. Dvali et al. (2000)), and those which attempt to resolve the fine tuning cosmological
constant problem through degravitation (Dvali et al. 2007; de Rham et al. 2008).

In stark contrast to ⇤ and quintessence, modifications to gravity can have marked effects on both the growth
of large scale structure and the background expansion. It is common that models that modify GR are able to
reproduce the distance measurements but alter the growth of large scale structure, opening up the possibility
of testing and discriminating between the different theories. Generically, the Poisson equation relating
over-densities to gravitational potentials is altered and the potential that determines geodesics of relativistic
particles, in terms of the Newtonian gauge potentials (�+ )/2, differs from that that determines the motion
of non-relativistic particles,  . Creating �/ 6= 1 during an accelerative era is extraordinarily difficult in
fluid models of dark energy (Hu 1998). Measuring it, therefore, could be a smoking gun of a deviation from
GR. In Zhang et al. (2007b) we proposed a way to constrain �/ , by contrasting the motions of galaxies
and the lensing distortions of light from distant objects that LSST and MS-DESI data will be idea for.

Bean and her group have developed software based on the publicly available CAMB and CosmoMC codes
(Lewis et al. 2000; Lewis & Bridle 2002) to perform likelihood analyses and forecasting for generic pho-
tometric and spectroscopic surveys (Bean & Tangmatitham 2010; Laszlo et al. 2011; Kirk et al. 2011;
Mueller & Bean 2013). This includes peculiar velocity, weak lensing and galaxy clustering correlations
and cross-correlations with the CMB. The code models dark energy and modified gravity using a variety
of phenomenological parameterizations, including the equation of state w(z), the Hubble expansion rate
H(z), the logarithmic growth factor, fg(z), and its exponent, �(z), and a parameterization directly related
to modifications of the perturbed Einstein equations, Gmatter(z, k) and Glight(z, k),

k2 = �4⇡Gmattera
2⇢� , k2( + �) = �8⇡Glighta

2⇢� , (1)

where ⇢ is background density, k is comoving spatial, a, the scale factor and � is the rest-frame, gauge
invariant, matter perturbation. It includes general parameterizations for galaxy bias and intrinsic alignments
(Hirata & Seljak 2004; Laszlo et al. 2011), a simple, Gaussian model for photometric redshift errors and
nonlinear model based on the ⇤CDM-modeled Halofit algorithm (Smith & Zaldarriaga 2011).

Proposed work: This existing software will be modularized and documented to integrate into the LSST
DESC and MS-DESI analysis pipelines. Three specific projects to enhance the software are described in
sections C.1-C.3. The improvements will ensure that the analysis pipelines are able to meet the required
level of both theoretical modeling and survey-specific systematic error characterization necessary to define
science requirements. When Stage III data is made public, expected on this proposal’s timeframe, we
will analyze the data using this software pipeline, and integrate improvements in the intrinsic alignment,
photometric error and nonlinear modeling into the code.

C.1. Detailed ties between dark energy theory and LSST and MS-DESI observations

While the phenomenological parameterizations outlined above help translate observations into broad dark
energy characteristics, more needs to be be done to connect the data further to dark energy theory and
astrophysically relevant modifications to GR. Many classes of modified gravity theories are described by
the general “Horndeski” action, the most general theory of a scalar field coupled to gravity for which the
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Phenomenology: effects on 
relativistic and non-relativistic 
matter evolution 

new matter: Glight= Gmatter≠G 
change to GR: Glight ≠ Gmatter 
smoking gun Glight ≠ Gmatter 
Zhang, Liguori, RB, Dodelson PRL 2007 
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Required breadth, depth & complexity not 
achievable by a single survey 

•  Trade offs in 
•  Techniques (SN1a, BAO,RSD, WL, Clusters) 
•  Photometric speed vs. spectroscopic precision 
•  Angular and spectral resolution 
•  Astrophysical tracers (LRGs, ELGs, Lya/QSOs, clusters, CMB) 
•  Epochs and scales to study 

•  Much more than a DETF FoM: 
•  Astrophysical & instrumental systematic control mitigation is crucial, but not so easily 

summarized. 
•  Readiness vs technological innovation 
•  Survey area vs depth and repeat imaging of  the same sky (dithering, cadence and 

survey area overlap/config.) 

•  WFIRST and Euclid will make distinct and highly complementary contributions 
both with each other and with ground based surveys (LSST, DESI and others) 
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•  NASA is contributing NIR detectors and 
associated hardware 

•  Three US science teams have joined the Euclid 
Consortium (now including 54 US scientists) 

•  Euclid public Data Releases at ~26, 50, and 84 
months 

•  NASA has established the Euclid NASA 
Science Center at IPAC (ENSCI) in order to 
support the US Euclid science community 

•  Changes to spectrograph filters, shifting from 2 
blue/2 red to all red underway. 

Euclid overview 

Starts, duration 

Imaging/ 
 weak lensing 

(0<z<2.) 

SN1a 

BAO/RSD 

Spec. res. Δλ/λ	



Diameter	



FoV (deg2) 

Spec. range 	



Area (deg2) 

pixel (arcsec) 

Euclid 

2020 Q2, 7 yr 

30-35 gal/arcmin2 

1 broad vis. band 
550– 900 nm  

~50m Hα ELGs 
Z~0.7-2.1  

250 (slitless) 

1.3 

0.54 

1.1-2 µm  

20,000 (N + S) 

0.13 

(based on publicly available data) 
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•  All 4 probes (SN/BAO/RSD/WL). 
Unique SN1a IFU characterization. 

•  Multi-band imaging and DM higher 
resolution mapping than from 
ground or with smaller telescope 

•  Spectroscopically selected galaxies 
for BAO/RSD 1<z<3 

•  Systematics’ control a priority (e.g. 
WL shapes, SN1a characterization) 

•  Congress added $66M WFIRST-
AFTA funding added to FY13 &14 
NASA budget. Supported in 
President’s FY15 budget.  

WFIRST overview 

Starts, duration 

WFIRST-AFTA 

~2023, 5-6 yr 

Imaging/ 
 weak lensing 

(0<z<2.) 

SN1a 

68 gal/arcmin2 

3 bands 
927-2000nm 

2700 SN1a  
z = 0.1–1.7 

IFU spectroscopy 

BAO/RSD 

20m Hα ELGs 
z = 1–2, 

2m [OIII] ELGS  
z = 2–3 

Spec. res. Δλ/λ	

 550-800 (slitless) 

Diameter	

 2.4 

FoV (deg2) 0.281 

Spec. range 	

 1.35-1.95 µm	
  	
  

Area (deg2) 2,400 (S) 

pixel (arcsec) 0.12 

Euclid 

2020 Q2, 7 yr 

30-35 gal/arcmin2 

1 broad vis. band 
550– 900 nm  

~50m Hα ELGs 
Z~0.7-2.1  

250 (slitless) 

1.3 

0.54 

1.1-2 µm  

20,000 (N + S) 

0.13 

(based on publicly available data) 
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In the broader context 

Starts, duration 
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 weak lensing 
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3 bands 
927-2000nm 

2700 SN1a  
z = 0.1–1.7 

IFU spectroscopy 

BAO/RSD 

20m Hα ELGs 
z = 1–2, 

2m [OIII] ELGS  
z = 2–3 

Spec. res. Δλ/λ	

 550-800 (slitless) 

Diameter	

 2.4 

FoV (deg2) 0.281 

Spec. range 	

 1.35-1.95 µm	
  	
  

Area (deg2) 2,400 (S) 

pixel (arcsec) 0.12 

Euclid 

2020 Q2, 7 yr 

30-35 gal/arcmin2 

1 broad vis. band 
550– 900 nm  

~50m Hα ELGs 
Z~0.7-2.1  

250 (slitless) 

1.3 

0.54 

1.1-2 µm  

20,000 (N + S) 

0.13 

DESI LSST 

~2018, 5 yr 2020, 10 yr 

15-30 gal/arcmin2 

5 bands 
320-1080 nm 

104-105 SN1a/yr 
z = 0.–0.7 

photometric 

20-30m LRGs/[OII] 
ELGs 0.6 < z < 1.7, 

1m QSOs/Lya 
1.9<z<4 

3-4000 (Nfib=5000) 

4 (less 1.8+) 6.7 

7.9 10 

360-980 nm 

14,000 (N) 20,000 (S) 

0.7 

Stage IV 

Now & near term: e.g. DES, HSC; BOSS, eBOSS, PFS; J-PAS, JWST; Planck, ACT+, Spider, SPT+ 
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Extra slides 
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WFIRST and Euclid reflect these advances in 
measurement & theory 

•  Don’t presume a strong theoretical prior a-priori  
•  Data will be good enough to test beyond w=-1 or w0-wa 

•  Constrain growth and expansion in a model- independent way  

 
•  Search for a diverse array of  signatures: 
•  Geometry and inhomogeneity constraints across multiple epochs 
•  Multiple tracers sampling distinct gravitational environments (galaxy and cluster 

positions and motions; CMB lensing and ISW; galaxy and cluster lensing) 
•  Probe non-linear regimes (access many more modes & gravitational screening) 

•  Recognizes importance of  systematic control in realizing survey potential  
•  Survey complementarity/cross-correlation 
•  Ascribe effects to cosmology rather than uncharacterized systematic. 

9 
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Euclid overview 
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Figure 1.16: γ-parameterization. Left panel: 1 and 2σ marginalized probability regions for constant γ
and w: the green (shaded) regions are relative to the Reference case, the blue long-dashed
ellipses to the Optimistic case, while the black short-dashed ellipses are the probability
regions for the Pessimistic case. The red dot marks the fiducial model; two alternative
models are also indicated for comparison. Right panel: 1 and 2σ marginalized probability
regions for the parameters γ0 and γ1, relative to the Reference case (shaded yellow regions),
to the Optimistic case (green long-dashed ellipses), and to the Pessimistic case (black dotted
ellipses). Red dots represent the fiducial model, blue squares mark the DGP while triangles
stand for the f(R) model. Then, in the case of γ-parameterization, one could distinguish
these three models (at 95% probability).

case σγ σw FOM

b =
√
1 + z ref. 0.02 0.017 3052

with opt. 0.02 0.016 3509
Ωk fixed pess. 0.026 0.02 2106

Table 1.5: Numerical values for 1σ constraints on parameters in Fig. 1.16 and figures of merit. Here we
have fixed Ωk to its fiducial value, Ωk = 0.

Finally, in order to explore the dependence on the number of parameters and to compare our
results to previous works, we also draw the confidence ellipses for w0, w1 with three different
methods: i) fixing γ0, γ1 and Ωk to their fiducial values and marginalizing over all the other
parameters; ii) fixing only γ0andγ1; iii) marginalizing over all parameters but w0, w1. As one can
see in Fig. 1.20 and Tab. 1.11 this progressive increase in the number of marginalized parameters
reflects in a widening of the ellipses with a consequent decrease in the figures of merit. These
results are in agreement with those of other authors (e.g. Wang et al. (2010a)).

The results obtained this Section can be summarized as follows.

1. If both γ and w are assumed to be constant and setting Ωk = 0 then, a redshift survey
described by our Reference case will be able to constrain these parameters to within 4% and
2%, respectively.

2. Marginalizing over Ωk degrades these constraints to 5.3% and 4% respectively.

3. If w and γ are considered redshift-dependent and parametrized according to eqs (1.216)
and (1.213) then the errors on γ0 and w0 obtained after marginalizing over γ1 and w1 increase

Amendola et al 2012 

1.8. FORECASTS FOR EUCLID 89

σb bF z fF
g σfg

ref. opt. pess. ref. opt. pess.
0.016 0.015 0.019 1.30 0.7 0.76 0.011 0.010 0.012
0.014 0.014 0.017 1.34 0.8 0.80 0.010 0.009 0.011
0.014 0.013 0.017 1.38 0.9 0.82 0.009 0.009 0.011
0.013 0.012 0.016 1.41 1.0 0.84 0.009 0.008 0.011
0.013 0.012 0.016 1.45 1.1 0.86 0.009 0.008 0.011
0.013 0.012 0.016 1.48 1.2 0.87 0.009 0.009 0.011
0.013 0.012 0.016 1.52 1.3 0.88 0.010 0.009 0.012
0.013 0.012 0.016 1.55 1.4 0.89 0.010 0.009 0.013
0.013 0.012 0.016 1.58 1.5 0.91 0.011 0.010 0.014
0.013 0.012 0.016 1.61 1.6 0.91 0.012 0.011 0.016
0.014 0.013 0.017 1.64 1.7 0.92 0.014 0.012 0.018
0.014 0.013 0.018 1.67 1.8 0.93 0.014 0.013 0.019
0.016 0.014 0.021 1.70 1.9 0.93 0.017 0.015 0.025
0.019 0.016 0.028 1.73 2.0 0.94 0.023 0.019 0.037

Table 1.4: 1σ marginalized errors for the bias and the growth rates in each redshift bin (Fig. 1.15).

As a second step we considered the case in which γ and w evolve with redshift according to
eqs. (1.216) and (1.213) and then we marginalize over the parameters γ1, w1 and Ωk. The
marginalized probability contours are shown in Fig. 1.17 in which we have shown the three
survey setups in three different panels to avoid overcrowding. Dashed contours refer to the
z-dependent parameterizations while red, continuous contours refer to the case of constant γ
and w obtained after marginalizing over Ωk. Allowing for time dependency increases the size
of the confidence ellipses since the Fisher matrix analysis now accounts for the additional
uncertainties in the extra-parameters γ1 and w1; marginalized error values are in columns
σγmarg,1 , σwmarg,1 of Tab. 1.8. The uncertainty ellipses are now larger and show that DGP
and fiducial models could be distinguished at > 2σ level only if the redshift survey parameter
will be more favorable than in the Reference case.

We have also projected the marginalized ellipses for the parameters γ0 and γ1 and calcu-
lated their marginalized errors and figures of merit, which are reported in Tab. 1.9. The
corresponding uncertainties contours are shown in the right panel of Fig. 1.16. Once again
we overplot the expected values in the f(R) and DGP scenarios to stress the fact that one
is expected to be able to distinguish among competing models, irrespective on the survey’s
precise characteristics.

• η-parameterization.

We have repeated the same analysis as for the γ-parameterization taking into account the
possibility of coupling between DE and DM i.e. we have modeled the growth factor according
to eq. (1.217) and the dark energy equation of state as in eq. (1.213) and marginalized over
all parameters, including Ωk. The marginalized errors are shown in columns σγmarg,2 , σwmarg,2

of Tab. 1.8 and the significance contours are shown in the three panels of Fig. 1.18 which is
analogous to Fig. 1.17. Even if the ellipses are now larger we note that errors are still small
enough to distinguish the fiducial model from the f(R) and DGP scenarios at > 1σ and > 2σ
level respectively.

Marginalizing over all other parameters we can compute the uncertainties in the γ and η
parameters, as listed in Tab. 1.10. The relative confidence ellipses are shown in the left
panel of Fig. 1.19. This plot shows that next generation Euclid-like surveys will be able
to distinguish the reference model with no coupling (central, red dot) to the CDE model
proposed by Amendola & Quercellini (2003) (white square) only at the 1-1.5 σ level.

Updates to Hα LF, 
and spectrograph 
σ(fg)/fg likely higher 

(based on publicly available data) 
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WFIRST overview 

Starts, duration 
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 2.4 
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 1.35-1.95 µm	
  	
  

Area (deg2) 2,400 (S) 

pixel (arcsec) 0.12 

Euclid 

2020 Q2, 7 yr 

30-35 gal/arcmin2 

1 broad vis. band 
550– 900 nm  

~50m Hα ELGs 
Z~0.7-2.1  

250 (slitless) 
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1.1-2 µm  

20,000 (N + S) 

0.13 

 

Section 2: Science 25 

To predict nPBAO for the space densities in Table 2-2, 
we adopt the prescription of Orsi et al.13 for the bias fac-
tor between galaxy and matter clustering, b=1.5+0.4(z-
1.5), which is based on a combination of semi-analytic 
model predictions and observational constraints. The 
clustering measurements of Geach et al.14 suggest a 
somewhat higher bias for Hα emitters, which would 
lead to more optimistic forecasts.  

Figure 2-5 plots nPBAO vs. z. The BAO scale is fully 
sampled (nPBAO > 1) over the whole range 1.05 < z < 
1.95 probed by Hα emitters, with nPBAO > 2 at z < 1.8. 
The strong decline at z > 1.5 arises because we as-
sume that the Hα luminosity function does not evolve 
beyond the maximum redshift probed by the Colbert et 
al. data; this assumption could prove pessimistic, 
though extrapolation of a fixed luminosity function to z = 
2.2 gives reasonable agreement with the measure-
ments of Sobral et al.125 at this redshift. While nPBAO ≈ 4 
is “overkill” for BAO measurement at this scale, a high 
density survey allows better measurements of structure 
at smaller scales, better measurements of higher order 
clustering statistics, better characterization of galaxy 
environments, and more complete sampling of the pop-
ulation of star-forming galaxies, all beneficial for studies 
of galaxy formation and galaxy evolution. [OIII] emitters 
provide a sparse sampling of structure at z > 2; be-
cause of the large comoving volume, this sample of ~ 2 
million galaxies yields useful cosmological constraints 
despite its relatively high shot noise.  

 Ground-based surveys like BOSS and the pro-
posed MS-DESI experiment are likely to achieve nPBAO 
> 1 out to z ~ 1.1, but reaching full sampling with 
ground-based observations becomes very difficult at 
higher z. Our forecasts for Euclid based on the same 
luminosity function assumptions and the exposure 
times in Laureijs et al.15 imply space densities roughly 
8, 16, and 30 times lower than those of WFIRST-2.4 at 
z = 1.1, 1.5, and 1.9, respectively, so Euclid BAO errors 
will be dominated by galaxy shot noise. Figure 2-6 pre-
sents a visual comparison of structure sampled at 
WFIRST-2.4 density and Euclid density, based on slic-
es from the Millenium simulation16 populated with semi-
analytic galaxy formation modeling.17 A survey at the 
WFIRST-2.4 depth recovers much of the fine detail pre-
sent in the full dark matter distribution, which is lost at 
the much sparser sampling of the Euclid survey. We 
note that WFIRST-2.4 could carry out a shallow-wide 
GRS of 12,000 deg2 in about one year of observing 
time, but this would be largely redundant with Euclid, 
while the deeper survey adopted for the DRM is 
complementary.18 

2.2.3 Tests of Cosmic Acceleration Models 
As shown in Appendix C, the WFIRST-2.4 super-

nova, imaging, and spectroscopic surveys will enable 
multiple independent measurements of cosmic expan-
sion history and structure growth over the redshift range 
z = 0-3, each with aggregate precision at the ~ 0.1 – 
0.5% level. This extremely high statistical precision de-
mands that systematic biases be very tightly controlled 
to avoid compromising the measurements. The 
WFIRST-2.4 mission is designed with control of sys-
tematics foremost in mind, so that it can in fact realize 
the promise of its powerful statistics. For SNe, the use 
of a space-based observatory and near-IR observations 
already mitigates key systematics affecting ground-
based surveys, and the use of an IFU on WFIRST-2.4 
reduces systematics associated with photometric cali-
bration and k-corrections and provides spectroscopic 
indicators that can be used to mitigate evolutionary ef-
fects. For WL, unique aspects of WFIRST-2.4 are the 
high surface density of sources and the control of sys-
tematics enabled by eliminating the atmosphere and 
having highly redundant multicolor data, with an observ-

Figure 2-5: Product nPBAO of the mean galaxy space 
density and the amplitude of the galaxy power spectrum 
at the BAO scale as a function of redshift for the 
WFIRST-2.4 GRS, based on the luminosity function of 
Hα emitters (squares) and [OIII] emitters (circles). Tri-
angles show our estimate of the Euclid sampling densi-
ty for the same luminosity function assumptions. For 
nPBAO > 2, the statistical errors of BAO measurements 
are dominated by the sample variance of structure with-
in the survey volume, while for nPBAO < 1 they are domi-
nated by shot noise in the galaxy distribution. 
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ing that clusters can be reliably identified down to a 
mass threshold of 1014 Msun.131 The per-bin error bar 
initially shrinks with increasing redshift, as the volume 
element grows yielding more clusters, then grows at 
high redshift as the space density of clusters declines 
and the surface density of background galaxies for 
weak lensing calibration drops. The predicted aggre-
gate precision is 0.14% for z < 1 and 0.28% for z > 1. 

As context for interpreting these predicted errors, 
we again show in each panel the predicted impact of 
changing dark energy parameters away from those of a 
fiducial ΛCDM model. Dotted and short-dashed curves 
show the impact of maintaining GR but changing w to -
0.96 or -1.04, which alters structure growth by changing 
the history of H(z). Long-dashed and dot-dashed curves 
show the effect of maintaining w = -1 but changing the 
index of the growth rate f(z) ≈ [Ωm(z)]γ from its GR-
predicted value of γ ≈ 0.55, by Δγ = ±0.05. This is a 
simple way of parameterizing the possible impact of 
modified gravity on structure growth, but other forms of 
GR modification could produce stronger growth devia-
tions at high redshift, as could GR-based models with 
early dark energy. Our Fisher matrix calculation, which 
includes the cosmic shear measurements, forecasts a 
1σ error on Δγ of 0.015.  

It is difficult to abstract WL constraints into a form 
similar to those of Figures C-5 and C-6, with errors on 
an “observable” as a function of redshift. First, the WL 
signal depends on both the amplitude of structure and 
the distance-redshift relation: for sources at zs and 
lenses at zl, the quantities σm(zl), DA(zl), and DA(zs) all 
affect the shear. Second, the errors on the WL signal 
for two different bins of source redshift can be strongly 
correlated because matter in the foreground of both 
redshifts can lens the galaxies in both bins. For WL one 
obtains errors that are more nearly uncorrelated by 
considering different multipoles CL of the angular power 
spectrum, which is the basic quantity measured in a 
cosmic shear analysis. Figure C-4 above illustrated the 
predicted errors on the power spectrum in tomographic 
redshift bins. However, this plot shows only the Nbin = 
17 auto-spectra, while much of the cosmological infor-
mation resides in the Nbin×(Nbin-1)/2 = 136 cross-
spectra. As a representative aggregate precision, we 
have computed the error on σm considered as a single 
parameter multiplying the amplitude of linear matter 
fluctuations at all redshifts. The predicted precision is 
0.13%, accounting for all error correlations and margin-
alizing over systematic measurement and modeling un-
certainties as described in §2.2.2 below. 

In sum, WFIRST-2.4 will make multiple independ-
ent measurements of the cosmic expansion history and 
the history of structure growth over the range 0 < z < 3, 
each with aggregate precision well below 1%, using 

Figure C-6: Measurements of structure growth from 
redshift-space distortions (RSD) in the GRS and the 
cluster mass function with the mass-observable relation 
calibrated by stacked weak lensing of the cluster mass-
observable relation in each redshift bin. Black error 
bars show forecast 1σ fractional uncertainties in nar-
row redshift bins on the parameter combinations 
f(z)σm(z) and Ωm0.4σm(z) best constrained by RSD and 
clusters, respectively. Blue and red points with error 
bars show the aggregate precision in the low and high 
redshift ranges (z < 2 vs. z > 2 for RSD, z < 1 vs. z > 1 for 
clusters). Curves in each panel show the impact of 
changing the equation-of-state parameter w or the 
growth index γ relative to a fiducial flat ΛCDM+GR 
model. 
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easily ruled out by CMB data. Here we have followed 
the strategy of Weinberg et al.,7 where for each change 
to w or Ωk we adjust the values of Ωm, Ωb, and h in a 
way that keeps the CMB power spectrum almost per-
fectly fixed. A simple comparison of the model differ-
ences to the aggregate precision error bars in Figure C-
5 suggests that WFIRST-2.4 could readily discriminate 
these variants from a ΛCDM model. The Fisher matrix 
forecasts reported in §2.2.3, which account for parame-
ter degeneracies and for the complementary infor-
mation content of different probes, confirm this impres-
sion, with an expected 1σ error on the equation-of-
state parameter Δw = 0.0088. 

Figure C-6 presents corresponding precision fore-
casts for observables related to structure growth. The 
top panel shows forecast errors from RSD on σm(z)f(z), 
the product of the matter fluctuation amplitude and the 
logarithmic growth rate f(z) = dlnσm(z)/dlna. These er-
rors are computed by the methodology of Wang et al.4, 
assuming that the redshift-space power spectrum can 
be modeled up to kmax = 0.2 h Mpc-1. To reduce the de-
generacy between RSD and the anisotropy induced by 
the Alcock-Paczynski effect,130 for this panel (but not 
other plots in this section) we include a prior for Planck 
CMB measurements when computing the σm(z)f(z) er-
rors. The predicted aggregate error is 1.2% at z = 1-2 
and 3.2% at z=2-3.   

Cluster abundances calibrated by weak lensing 
constrain a combination of parameters that is approxi-
mately Ωm

0.4σm(z), where Ωm is the z=0 matter density 
in units of the critical density. For the middle panel of 
Figure C-6, we have used the approach of Weinberg et 
al.7 to compute expected errors on this quantity for the 
surface density and redshift distribution of weak lensing 
galaxies anticipated in the HLS imaging survey, assum-

Figure C-5: Measurements of expansion history from 
the SN and galaxy redshift surveys. Black error bars 
show forecast 1σ fractional uncertainties in narrow 
redshift bins for luminosity distance (top) from the SN 
survey and for angular diameter distance (middle) and 
Hubble parameter (bottom) from BAO measurements in 
the GRS. In the lower panels, errors for z > 2 bins are 
based on [OIII] emitters. Blue and red points with error 
bars show the aggregate precision in the low and high 
redshift ranges, respectively (z<1 vs. z>1 for SNe, z<2 
vs. z>2 for BAO). Curves in each panel show the impact 
of changing the equation-of-state parameter w or the 
space curvature Ωk relative to a fiducial flat ΛCDM 
model. Any of these single-parameter changes would be 
easily ruled out by the combined data set. 
 

(based on publicly available data) 
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